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INTRODUCTION

Monitoring the cure of epoxy resins by measurement of the
dielectric properties is a well-established technique. Conven-
tional methods use either parallel-plate or comb—electrode
structures in comjunction with a capacitance bridge [1-5].
Recently, a new system known as microdielectrometry has been
developed [6,7]. It uses an integrated circuit microsemsor that
combines miniature comb electrodes with amplification and temp—
erature measurement in a single prode. MNicrodielectrometry has
already been used to monitor the cure of neat epoxy resins [6-
8]. The cure of fiber—-reinforced composites presents additionmal
problems because of the presence of fibers, which may be con-
ducting, and because the electrode system used must be compat-
ible with the shape of the part being fabricated. This paper
reports the use of microdielectrometry to momitor cure in typ-
ical composites. A method of embedding the small microdielec-
trometry probe into the laminate was devised, and cure measure-
ments were performed on both glass—~fiber—reinforced and graph-
ite-fiber-reinforced laminates.

EQUIPMENT AND PROCEDURES

Microdielectrometry sensors were obtained from Micromet
Instruments. The integrated circuit sensor has dimensions 2.5 x
S mm, and is packaged in a flexible ribbom cable with overall
width of about 9 mm, and a thickness of about 0.4 mm. The
sensor is driven by NIT's research microdielectrometer instru-
ment, which is functionally equivalent to a Nicromet Iastruments
System II Microdielectrometer. This instrument measures the
dielectric permittivity &’ and the dielectric loss &” of what-
ever material is in contact with the sensor’s electrodes. The
frequency range used in these experiments was 1 - 10,000 Hz.

The sensor also includes a thermal diode which measures sample
temperature.

Five-inch square laminates were made from two types of
materials. The first was a circuit-board type of epoxy-glass
prepreg, with a8 DICY-cured brominated DGEBA resin. The second
was 8 graphite cloth with an uncatalyzed TGMDA-DDS matrix resin
(Fiberite 976). The sensor was embedded into the laminate by
cutting holes in the central plies just slightly larger than the
sensor (Figure 1). The overall laminate thickness was designed
s0o that the sonsor would not support the full load of the pla-
tens during lamination. This corresponded to 11 plies of the
glass prepreg, or 4 plies of the graphite prepreg. Cure of the
laminates was done in s Carver Model 2518 hydraulic lab press
(12” platens) with platen temperstures comtrolled by a Wizard
Model 1601 controller. The typical cure sequence was to ramp
the press temperature from room temperature to 177°C at 5%/ain,
then holding at that temperature. Lamination pressure was main—-
tained at 60 psi throughout tho cure. Total cycle time was
typically two hours.
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DIELECTRIC PROPERTIES

The application of av alternating electric field to a mat-
erial produces a polarization response described by the complex
dielectric constant. The real part of the response, called the
permittivity and denoted by &’, measures the polarizatiom that
is in phase with the applied field. The imaginary part of the
respose, called the dielectric loss factor and denoted by e”,
measures the out-of-phase component of the polarization, and is
determined by emergy dissipation in the sample during the polar—
ization process.

The experimentally observed permittivity and loss factor
include both bulk and interface effects. The bulk permittivity
is determined by the orientation of molecular dipoles in the
applied electric field. The bulk loss factor can include loss
terms associated with dipole orientation and contributions from
the bulk conductivity of the material. In the experiments
reported here, the observed loss factor is completely dominated
by conductivity effects; no characteristic dipolar loss peaks
are observed.

The conductivity arises from ions that are always present to
some degree in commercial resins. These ions may be residues of
the chemical synthesis, may arise from weask—electrolyte iomiza-
tion of components of the resim/curing agent mixture, or, may
come from the fiber or from the fiber surface treatment.

i: When conductivity dominates the dielectric loss factor,
A there is a simple relation between loss factor and comductivity:
f:
i
) o
" o c—
) " g

In this expression, o is the conductivity in (Ohn-c-)°1. o is
the angular frequency of the measunrement 1T4rad/soc. and &g is
the permittivity of free space (8.85 x 10 Farads/cm).

The conductivity can be further expressed as

o= E LN

where T, is the valence of the ith iomic species, q is the
electronic charge, n, is the concentration, snd n; is the mobil-
ity. The primary ef}oct of cure is to restrict the motiom of
jons through the matrix resin (i.e., to reduce the mobility).

As a result, while the comductivity increases with increasing
temperature, it decresses with increasing exteant of cure. This
means that during a ramped cure of s partially staged resin or
prepreg, one sees, first, sa increase in conductivity as the
resin melts and flows, and later, a decrease in conductivity as
the cure proceeds toward completion.
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There is an important interface effect that is observed in
most resin-cure experiments. It is the polarization of the
electrodes due to the buildup of ions at blocked electrodes [9].
This effect is observed whenmever the conductivity is large
enough and the frequency low enough to permit observable charg-
ing of the electrode blocking layer during onme cycle of the ac
vaveform. The primary experimental effect of blocking layer
polarization is that the experimentsl value of ¢’ is much grest-
er than the true bulk value. A secondary effect, which occurs
only when polarization is significant, is s reductiom of the
experimental value of ¢” from its true bulk valuse. A quantita-
tive model of polarization effects is demonstrated im [9].

Electrode polarization effects were observed in the experi-
ments described here, particularly at the lower frequencies.
The full analysis of these effects will be the subject of a
future publication. The data presented here will emphasize
those results in which the effects of electrode polarization can
be ignored. Thus, we present only loss factor data (rather than
permittivity), and in the discussion, emphasize the results at
the higher frequencies where polarization effects are absent.

EXPERIMENTAL RESULTS

Figure 2 illustrates the loss factor versus time for a
typical cure of a glass fiber reinforced prepreg. Messurements
st 1, 10, 100, 1000, and 10000 Hz are made in succession as cure
proceeds. Initially, the sensor is resting in a cavity sur-
rounded by air, with no resin in contact with the electrodes.

As a result, the measured loss factor is small, and the instru-
ment indicates a minimum (or default) value at all frequencies.
At about 10 minutes into the ramp, hence at a temperature of
about 70°C, a noisy but dramatic incresses in loss factor oc-
curs, signifying the melt and flow of the resin onto the semsor
surface. At about 18 minutes, coverage of the semsor is com—
plete, and the quantitative measurement of resin loss factor
begins. The lowest frequencies go rapidly off scale, while the
higher frequencies remain on scale. Note the parallel behavior
of curves at difference frequencies, indicative of conductivity—
dominated behavior. All curves reach a peak at adbout 25 min-
utes, which corresponds to the end of the temperature ramp. At
this point, the temperature is held comstant, and the loss
factor decreases due to cure.

Figure 3 illustrates the reproducidility of the loss factor
measurements. Two independently prepared samples of glass rein-
forced prepreg were monitored by different sensors. The first
sample was cured, the press was water cooled to just below room
temperature, and then the second sample was cured. The data for
both cure runs are plotted at two frequencies. The irregular
differences sarly in cure can be attributed to differing details
during the initial flow and electrode coverage portion of the
cycle, and the slight shift between the two maxims is attridbut-
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able to slightly cooler starting temperatures for the platens in
the second run. However, once the hold temperature is reached,
the results of the two rums are nearly identical.

The frequency dependence of ¢” can be used to extract the
value of conductivity. Figure 4 shows the ¢” measured at the
end of cure for a glass-epoxy laminate compared with the corres-
ponding ¢” values taken from a cure of neat resim which had been
flaked from a sample of the glass-epoxy prepreg, placed on the
sensor, snd run through the same temperature cycle as the lam—
inate (but with no spplied pressure). It is interesting to note
that the frequency dependence of ¢” in both cases is close to
the 1/w behavior one would expect for a conductivity—dominated
e”, and that the ¢” value in the laminate is a factor of 10
larger than that of the neat resin. The_sondnctivit values
corresponding to these data 218 6.9 x 10_1 (Ohm cm) " for the
laminate resin, and 7.2 x 10 (Ohm—cm) for the neat resin.
We do not yet understand the reason the difference between the
tvo measured conductivities, a result which has been reproduced
several times. Omne possibility is that when the laminate is
cared, additional ions leach out of the glass fiber or out of a
surface treatment layer on the glass fiber. Another possibility
is that the glass fibers are sufficiently conductive at the cure
temperature to contribute to ¢”. A third possibility is that
interface effects between the matrix resin and the glass fiber
lead to enhanced measured e”. Identification of the origin of
this difference is a subject of current study. An important
implication of this result is that great care must be used in
attempting to use results obtained from meat resins to predict
electrical behavior of composites.

Cure studies have also been carried out on the graphite
fiber reinforced laminmates, although some significant practical
difficulties were also encountered. Because the fibers them—
selves are highly conductive, direct contact between a fiber and
the electrodes can short out the somsor, making the measurement
inoperative., While this did occur in some lay-ups. in most
cases the slightly raised facing of the semsor package held the
fibers off the electrodes, so that electrode shorting due to
fibers did not occur. However, an interesting adhesion interac-
tion between the TGMDA-DDS matrix resin and the sensor and
package materials was observed, which resulted in a delamination
of the resin from the surface of the sensor during some rums,
with an accompanying loss of measurement integrity. A similar
effect has been observed by Sanjana [10]. To test whether the
adhesion loss was due to the fibers or to the resin, some unm-
reacted resin was squeezed from the graphite prepreg using the
press. This resin was placed on the surface of the semsor, and
the device was exposed to the normal temperature ramp. Shortly
after the resin liquified, it was observed to adhere selectively
to the Kaptoa sensor package, spontaneously delaminating from
the surface of the sensor and moving under the influemce of
surface tension entirely onto the package. The implication is
that during an experiment in a laminate, there is a teamdency for
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the resin to leave the semsor surface. The force of the press
opposes this delamination. However, the detailed package de-
sign, in which the graphite fibers are suspended above the
electrode region by the edge of the Kapton package, may actually
be contributing to the adhesion loss by supporting the fibers
which lift the resin off the electrodes. MNore work in this area
is required.

-
it S L L },}_-‘_-‘

A suggested test for whether the resin has delaminated is
the meaured permittivity (10]. Even partial lamination will
result in a drop in &’ from its nominal value at the end of cure
(5 in these experiments) toward a value of 1 (air). Based on
this criterion, and in spite of the experimental difficulties,
several excellent runs were obtained in graphite, as illustrated
in Figure 5. The behavior of the data early in cure is more
complex than that obtained from the glass—epoxy system, and is
not understood in detail. Toward the end of cure, however, the
characteristic decrease in the ¢” values to a stable emdpoint,
and the ¢” frequency dependence suggestive of conductivity—
dominated behavior are observed.

SUMMARY AND CONCLUSION

Microdielectrometry has been shown to offer a simple and
effective method of momitoring the cure in epoxy—glass lam—
inates, although further improvements in experimental lay-up
techniques to improve reproducibility early in cure are needed. g
The presence of the glass fibers appears to increase the conduc- -
tivity of the matrix resin over that obtained from a cure of h
resin flaked from the prepreg prior to cure, suggesting a direct k
contribution of the glass to the overall comnductivity. Prelim-
inary cure results have also been obtained in graphite-epoxy
laminates, although new experimental techmiques must be found to
improve the integrity of the sensor/resin interface durimg cuve.
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i Figure 1, Microdielectrometer semsor ia layed up glass-fiber
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reinforced prepreg prior to cure.
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